The role of geomorphic processes in flood risk is understudied in the management context. In the United States, only nine states have explored this role and only two -Vermont and Washington State -have developed and implemented legally binding geomorphic-based flood risk management; both rely on the concept of geomorphic assessment, through which fluvial geomorphic processes are documented and river corridors are mapped. Massachusetts, having incurred substantial damages from landslides, bank failures, bed incision, and sedimentation in recent years, has initiated a programme to examine the inclusion of geomorphic processes into flood risk management. At its core, the programme relies on participation of flood risk management stakeholders representing government (local, state, and federal), non-governmental organisations, consulting agencies, academia, and industry. A series of workshops with these stakeholders over 4 years has culminated in a needs assessment that articulates what must be included in the development of a Massachusetts fluvial geomorphic assessment programme. In this report, we share the results of this needs assessment. We do this in the hope that other jurisdictions incurring flood damages from geomorphic processes may find it to be a useful model as they work to mitigate these damages.
Introduction
New England, USA has a long history of flooding, and the frequency and magnitude of flooding is expected to increase with climate change (Frumhoff et al., 2007; Stocker et al., 2013; Huang et al., 2017) . Flood-related damages in this region differ from regions with less topographic relief. Energetic waters and associated geomorphic processes that mobilise sediment (Arnaud-Fassetta et al., 2009 ) play a large role compared to inundation. For example, during Hurricane Irene in 2011 -the largest recent flood in New England -landslides, bank failures, bed incision, and sedimentation damaged roads, bridges, farms, and buildings (Gartner et al., 2015; Magilligan et al., 2015; Milman and Warner, 2016; Milman et al., 2017) . However, river flood risk management in New England is focused on inundation, not geomorphic processes. This is because the primary flood risk management mechanism in the United States is designed as such. Federal flood insurance rate maps (FIRM), established by the US Federal Emergency Management Agency (FEMA), show the boundaries of modelled flood zones with base flood elevations at some locations where detailed studies have been completed, which does not account for geomorphic processes and changes. Furthermore, most New England flood risk management policies at the state level were designed without regard for geomorphic processes.
Despite recent calls to incorporate geomorphology into flood risk management (Brierley and Hooke, 2015) , only two of the six New England states have taken steps -and faced considerable challenges -to legislate policies that address geomorphic risks related to floods. The Vermont River Corridor and Floodplain Management Program, implemented in 2010, is the only such policy enacted across an entire state (Kline and Cahoon, 2010) . This policy is based on river corridor maps, which delineate areas near rivers based on fluvial geomorphology that are susceptible to bank failures, landslides, channel migration, and avulsions using methods developed by Kline et al. (2007) . In 2009, the New Hampshire legislature authorised towns to adopt fluvial erosion hazard ordinances if desired to regulate development in river corridors, per NH RSA 674:56, as outlined in the Fluvial Erosion Hazards and River Geomorphic Assessment Program (Csiki, 2013) . Beyond New England, only Washington State has enacted enforceable legislation that incorporates geomorphology into flood risk management through the use of fluvial geomorphic process documentation and mapping. However, other states have begun exploring geomorphic mapping-based flood management options, including Arizona, Colorado, Indiana, Massachusetts, Montana, and New Hampshire, Oregon (ASFPM, 2016) . In sum, geomorphic assessments are currently the primary mechanism through which fluvial geomorphic processes may be incorporated into flood risk management (Piégay et al., 2005; Kline and Cahoon, 2010; Biron et al., 2014; ASFPM, 2016) .
To examine the inclusion of fluvial geomorphic processes into flood risk management, which we argue is understudied in flood risk management scholarship, a steering committee with representatives from the University of Massachusetts and the Office of the Massachusetts State Geologist assembled the Fluvial Geomorphology Task Force. The Task Force includes 35 stakeholders representing government (local, state, and federal), nongovernmental organisations, consulting agencies, academia, and industry with expertise in flood mitigation, storm water control, water quality improvement, stream crossing assessments, transportation projects, and habitat assessment. Over the course of four workshops and follow-up correspondence, the Task Force completed a needs assessment to determine what must be included in the development of a Massachusetts fluvial geomorphic assessment programme that would better meet the flood risk management needs of communities. In this report, we share the results of this needs assessment, which to our knowledge represents the first assessment of its kind. We do this in the hope that other jurisdictions may find it to be a useful model as they work to mitigate flood damages from geomorphic processes.
Needs assessment of fluvial geomorphic process documentation and corridor mapping in Massachusetts
This needs assessment aims to identify information gaps and develop priorities for fluvial geomorphic assessments that may be used to document and map fluvial geomorphic processes and incorporate them into Massachusetts flood risk management policy. This needs assessment identifies gaps in the science, understanding, and services required by Massachusetts river and flood risk managers to begin to mitigate geomorphic-based risks. The first step was to clearly articulate the issues of interest to river managers. To do this, we asked two questions of Task Force members:
(1) what do Massachusetts river managers need to better protect communities from fluvial geomorphic processes and (2) what data are needed in the development of a programme that may address those needs?
Task Force workshops were held at the University of Massachusetts Amherst campus on October 25, 2012 , November 10, 2014 , June 25, 2015 , June 27, 2016 , and June 13, 2017 lasting 4-5 hours each. Workshops consisted of short presentations by members designed to share their experiences and perspectives on fluvial geomorphic-based risk management in Massachusetts. Facilitated discussions were conducted during each of these workshops in which members attempted to develop a consensus on data needs and assessment goals. Members also analysed existing river geomorphic assessment and corridor mapping methods (Rapp and Abbe, 2003; Larsen, 2007; Kline and Dolan, 2008; Mussetter Engineering Inc., 2008; Smith et al., 2008; Kline et al., 2009; Pasquale et al., 2011; City of Austin, 2013; Biron et al., 2014 ) -compiled by the steering committee at the request of the Task Force to distil data needs based on agreed upon needs.
The primary data for this needs assessment report were transcripts, notes, pictures, and breakout group summaries from the workshops and follow-up correspondence. These multiple data sources helped ensure completeness of the data by triangulation (Bernard, 2006) . The steering committee analysed the data using the content analysis method, by which data are not organised by a pre-existing set of codes but by a set of codes that are generated from the data over the course of the study (Sandelowski, 2000) . The steering committee clustered similar codes into themes. These codes were then organised and presented here as results of the needs assessment.
Need for fluvial geomorphic assessments in Massachusetts
Task Force members agreed that Massachusetts lacks a mechanism to include geomorphic processes in flood risk management to protect human health and safety and riparian ecosystems. Multiple tools were discussed as potential mechanisms, including education programmes, modifications to municipal emergency management, modifications to state-level river management policy, and geomorphic process documentation and mapping (i.e. fluvial geomorphic assessment). While members agreed that each of these elements is necessary to effectively manage geomorphicbased flood risks, geomorphic assessments were agreed to be the most important tool for river managers.
Members then articulated goals of a Massachusetts fluvial geomorphic assessment. They agreed that in order for the assessments and maps to be fully utilised, they must meet two goals, which were broadly defined as 'technical' and 'policy' goals. Focusing on technical provisions of geomorphic assessments -the documentation and mapping must provide the technical knowledge to river managers necessary to predict where and what geomorphic processes may occur along river reaches. The technical knowledge needs developed by the Task Force reflects many members' knowledge and experience with well-established methods in the neighbouring State of Vermont. This speaks to the value of knowledge sharing across states in regions like New England with common flood management challenges. Members agreed that technical knowledge needs in Massachusetts should take the following forms:
1. Identification of degree of disequilibrium of a reachat the reach scale; an uneven distribution of erosion and deposition may dictate the need to limit development throughout a reach. 2. Identification of river corridors, where fluvial geomorphic process such as sedimentation, bank erosion, and landslides are likely to occur. 3. Identification of specific fluvial erosion hazard zones along a reach in disequilibrium -at the sub-reach scale; the spectrum of these hazards were agreed to include riverbanks that are (1) stable, (2) incised, (3) widening, or (4) narrowing. 4. Identification of meander geometry and belt width, necessary to predict future areas of erosion; members agreed that this must include 'reach patterns', which may be used to more generally classify rivers. 5. Identification of infrastructure and the degree to which each must be protected from flood impacts; members reluctantly agreed that infrastructure has a role in assessments as some will ultimately be prioritised and thereby dictate the shape and extent of the river corridor for management purposes. Second, for policy goals, geomorphic assessments should be completed to help inform development near rivers and to guide new state programmes that incentivise changes in development near rivers. The primary objectives of this second goal are to discourage new development in risk-prone riverfront areas and to protect against geomorphic processbased risk. Members debated this goal, as some argued that the geomorphic assessments may be better utilised as tools to explore the costs and benefits of mitigating geomorphic hazards at a particular site, while others argued that documentation and mapping must be used to develop legally binding land-use plans to accommodate current and future geomorphic processes. Ultimately, consensus was reached on the following points, which follow from the discussions about technical aspects of the geomorphic assessments:
1. Geomorphic assessments must present river managers with a process for understanding risks to riverfront land and articulate setback distances within which risks to development may be understood. This is achieved by modelling the probability and extent of channel movement, sedimentation, and the rate of bank migration under certain flood flow conditions, over a given time period. 2. Geomorphic assessments must incorporate multiple types and severities of geomorphic processes to accommodate existing and future conditions; within which proposed development may be subject to sitespecific geomorphic process modelling.
Geomorphic assessment data needs
As Task Force members attempted to reach consensus on which data would be required of geomorphic assessments, they began by describing the documentation and mapping process. Members agreed that they should be developed in three phases. First, watershed-scale maps (i.e. Hydrologic Unit Code (HUC) -10 digits, 40 000-250 000 acres), relying on less expensive geomorphological approaches and using remote sensing techniques would be created for the state to determine if development would be subject to river management oversight. Second, watershed-scale maps would be refined using more labour-intensive geomorphological methods at reach scales to provide documentation to municipalities and developers. Finally, parcel-specific geomorphic analysis would be performed to determine vulnerability to proposed developments. While the development of detailed methods for each documentation and mapping stage was outside the scope of this needs assessment report, members agreed that each of the three stages of fluvial geomorphic assessment would require specific data needs, based on a unique assessment method. At the largest scale, members agreed that the method would require the following types of data:
1. historical river meander photographs throughout Massachusetts to determine meander geometry and belt width; 2. land-use data layer; 3. infrastructure data layer; 4. United States Geological Survey (USGS) flow monitoring data; 5. drainage area; 6. soil-type data layer; and 7. topography/river slope to determine stream power. The second stage would require additional field data, including:
1. topographical surveys; 2. longitudinal river profiles; 3. sediment particle size distributions; 4. bankfull widths; and 5. dimensions of existing infrastructure.
Finally, the most detailed, parcel-specific mapping would require site-level geotechnical engineering that includes soil core analysis, bedrock distances, and vegetated cover measurements.
Conclusion
Task Force members agreed that several technical and policy-oriented challenges exist that must be overcome to include fluvial geomorphic processes into flood risk management decisions in Massachusetts, as articulated in this needs assessment report. To summarise, these challenges include (1) establishing a technically sound and transparent approach to delineate the boundaries of river-driven, or fluvial geomorphic processes, (2) determining areas with different levels of risk and different types of hazards, and (3) developing protocols for documentation and mapping at three levels of detail, ranging from relatively fast and broad-scale Geographic Information System (GIS)-based mapping over large areas to detailed and field-based parcelspecific assessment.
Beyond this consensus, the task force had difficulty developing additional, more specific needs. Part of the reason for this is that more specific needs might not be consistent across the entire state. For example, in rural locations one might consider the entire meander belt of a river to be incorporated into restrictive zoning regulation. But in urban areas, the ancient or historic paths of meandering rivers may be inconsequential because the river is constrained to its current pathway with hard infrastructure and unlikely to be moved even by the largest flood events. This reflects the varied geography of Massachusetts, consisting of different land uses and ecosystems, an east-west urban-rural divide, and a division between mountainous, lowland, and coastal regions. A statewide assessment method that accounts for these geographies must focus heavily on sub-watershed scales.
Another point raised among members was that policymakers, regulators, and practitioners must be willing to pay for the development and maintenance of a fluvial geomorphic assessment programme. Members agreed that current fluvial geomorphic assessment costs are high because they can be labour intensive. New technologies using GIS analysis and high-resolution digital topographic data from light detection and ranging (LiDAR) can help streamline and economise the process (Biron et al., 2013; Slovin, 2015) . Members were also concerned by the potential logistical constraints of enforcing and sustaining an assessment programme. These constraints were evident early in the development of Vermont's Program. While many programme staff members were consumed by a small number of complex restoration projects, other river corridors and floodplains in Vermont were being lost due to the continued placement of permanent investments and infrastructure. New encroachments were emerging faster than active restoration could be designed, permitted, and implemented. Even still, Vermont had a directed group of state employees who developed river geomorphic assessments and corridor mapping as part of their job duties, which greatly enabled implementation of a programme. In comparison, the Massachusetts Geomorphology Task Force is limited by the lack of direct state funding, yet it benefits from the diverse members from multiple organisations.
Some of these challenges are context specific, and no one-size-fits-all approach may effectively mitigate geomorphic-based flood risks across a variety of regions. However, this needs assessment may be useful to locations beyond Massachusetts given the diversity of landscapes and socio-ecological contexts that exist in the state.
